This is an exploratory study to understand wheelchair drivers' experiences within South African low cost residential environments. Currently, there is a need to develop a tool that can be used to evaluate the building designs before they are built. To achieve this, low cost living environments were designed, modified for rendering on a software module for data collection of the path driven. The data collected was processed into information that highlights the difficult or ease of driving in non-inclusive and inclusive environments. The results of the experiments conducted are performance measures that indicate the complexity or the ease of the path recorded using predefined performance measures. Using the information given by the performance measures, it is easier to understand some of the challenges experienced in these living environments.
INTRODUCTION
The need to create technological tools that can facilitate the need to create inclusive environments that are accessible to wheelchair driving in South Africa influenced the decision to create a simulator. This study investigates the challenges experienced by wheelchair drivers' un-adapted living environments. The aim was to explore how inclusive environments improve navigation in a wheelchair. This was achieved by evaluating 3D environments on an augmented platform that has an ability to collect data to be analyzed. The results obtained are a comparison between enabled and un-enabled environments. The comparison was done using performance measures to help quantify the ease and difficulty of driving in a wheelchair in these environments.
The co-ordinates of each path taken within each living environment were collected on a virtual reality platform and were processed into performance measures for comparison.
The measures are used to highlight a user's experience within the building to be built using virtual reality platform. The information obtained is intended at assisting professionals that design living structures understand an impact of a poorly designed buildings have on wheelchair drivers. In addition, researchers who have a keen interest in improving mobility for wheelchair drivers can use this study to understand the causes of the challenges the experienced by wheelchair drivers.
METHODOLOGY
In order to design an evaluation software tool for evaluating virtual environments. A series of steps which are a combination of different methods listed below were followed:
Living Environments Modelling
Three different structures were designed. The first structures designed were match-box houses which are low income houses. The second type of structures are low-rise building which are another form affordable apartment buildings. The last structure designed was a four bedroom house that can be owned by a middle income or high income earner. All designs had to be modelled in two and three dimensions. The two dimension plans were used to determine a path to be followed during the evaluation, while the three dimension buildings are for rendering so virtual evaluation of each environment can happen [15] [14].
Wheelchair Selection
The preferred mobility device for this experiment is an electric wheelchair. It has a joystick which provides the flexibility to work with users with upper body impairments who do not have the power to propel the wheelchair independently. It is more comfortable to drive unlike a manual wheelchair which gives off seat and footrest vibrations [17] . 
Performance Measures
We computed the following performance measures, they are needed for processing data collected of the navigated path. They are identified as follows [1] :
d -It is length of the path travelled. Dd -It is number of revolutions used for the path travelled.
Dc -It is total number of curvatures.
qd -It is quality of driving. D -It is distance travelled.
For each path travelled, the length was quantified as d and it was used to formulate the number of revolutions it takes a wheelchair to complete the path.
Along the path there are obstacles experienced, this changes the wheelchair orientation quantified as Dc. This is a deviation from a straight path and it is called the measure of curvatures.
The data used to quantify the length of the path were the x and y coordinates of the data recorded for each trajectory from the start until the end are computed using equation ) 1 (
The variables in equation (1) In order to determine the effort used to drive along the path, of revolutions that a wheelchair used to complete a path. r -The radius of one of the wheels.
We used the value of Dd to determine the measure of curvatures which is the change of wheelchair orientation along the path.
To quantify the effort used in propelling the mobility device, a sum of all angles at every point of turn of change is squared. This results in a value or measure of curvature represented as Dc, that is always positive and it is computed using equation ) 3 ( .
The variables in equation ) 3 ( mean the following: Dc-The measure of curvature. When the measure of curvature is known, it is easy to further enhance ones understanding about the quality of driving experienced when navigating a certain environment.
In other words, when it takes less effort to propel a wheelchair from start to finish compared to that of a different environment with a similar path length we can easily determine the quality of driving. In this case, the less distance travelled is an indication of a seamless driving experience meaning the quality of driving is good. On the other hand, an increase in a measure of distance is a sign of a complex driving experience. This shows that there is an inverse relationship between the quality of driving and the effort used as well as the distance travelled and the quality of driving. All the parameters derived in these equations will make up the information that a building professional will need in order to make changes to his building design.
Evaluation Module Development
The living environments were designed and modelled using GraphiSoft ArchiCAD by a student architect. In order for the virtual environments to be rendered on a simulator developed in Vizard, the ArchiCAD .pln file format had to be converted to a .vrml file format. This made it possible to render the virtual environments on the Vizard application programming interface (API). The API was used to design an additional module. This module is used to collect the data of the path travelled. It was designed using a software development life cycle framework and was developed in python. The software module was first developed and tested as a separate program before it was added to the existing simulated interface for rendering virtual worlds. The integration process was done by a control engineer who liaises between the simulated virtual world team and the mobile platform team. The mobile platform is the hardware used to emulate the physical world, it mounts the wheelchair used for immersion in the virtual world.
The data recorded during navigation using a wheelchair on a mobile platform and stored as text files by the software evaluation module. It is processed using formulas for performance measures and graphs are produced as a way of graphically representing the path. Octave was used for data processing and it is a high-level interpreted language for numerical displays and visualization.
RESULTS
This section focuses on the results obtained by processing the x, y, z coordinates of each path travelled. There are two types of results. A graphical display of each path and the performance measures indicating the driving experience in each environment evaluated. The path taken in each Figure 1a is a 3D version of a low cost house that has not been adapted for wheelchair driving. In order to evaluate the difficulty that is experienced by a wheelchair driver when entering and exiting the house to a toilet, the path of Figure 3a is a 3D version of a middle income house that has been adapted for wheelchair driving. In order to evaluate the ease at which a wheelchair driver can access and exit the house with an internal toilet, the path of Figure 3b The first set of performance measures in row one of Table 1 are those that were obtained to understand the difficulty experienced while navigating the house on Figure 1a . The physical evaluation experience on the mobile platform was much more challenging in this type of environment, firstly the furniture used took up more space leaving limited space for navigating with ease. In addition to that, it took longer to access the outside toilet and position the wheelchair in a way that would support the wheelchair user to use the toilet while inside it. Entering and exiting both the house and the toilet was a struggle mainly because of the elevated step, the small space inside of the toilet requires careful driving when trying to enter or leave it to avoid tipping over.
Low and Middle Income House
The performance measures of row 2 in Table 1 are those obtained from navigating the house of Figure 2a . It was much easier to navigate the inside of the house when compared to the house on Figure 1a . The reason for this is that the furniture was arranged in a way that allows a wheelchair driver to pass through without constantly changing the orientation of the wheelchair. The internal toilet was equipped for someone on a wheelchair, it had grab bars next to the toilet and on the wall where the shower was. What made it much better to enter and leave this bathroom was the sliding door which made it easy to enter and the fact that one could turn around three hundred and sixty degrees without bumping into a wall contributed to easy driving.
The performance measures reflect that more effort (Dd) was used in propelling the wheelchair on the path of the enabled low cost house on Figure 2c . This affected the quality of driving (qd) to be low when compared to the quality of driving in the path of the un-enabled path seen on Figure 1c .
The curvy path which is a result of constant change in orientation of the wheelchair as seen in Figure 2c reflects a high number of curvatures (Dc) when compared to those obtained for the un-enabled house on Figure 1a . The main reason for this was that the adaptation of the house on Figure 2a was done using the same space used to build the un-enabled house on Figure 1a . These results prove that when a low cost house is adapted on the same small space as that of an un-adapted version, the number of curvatures or the need for constant turning is not decreased but increased. This means turning easier therefore increasing the no of revolutions used by a wheelchair (Dd) and this results in a higher value of the quality of driving (qd) and this does not indicate an improved quality of driving.
When a large space is used to build a house adapted for wheelchair driving as seen on Figure 3a . It is much easier to access and drive through the house especially when it is furnished to accommodate a wheelchair driver. The effort used (Dd), the number of curves experienced (Dc), the distance (D) travelled is much shorter. This results in a linear path as seen on Figure 3c indicating seamless driving which is supported by the low value of (qd) which indicates a better quality of driving when compared to the values obtained in low cost housing evaluations. In a nutshell, to get a better quality of driving it is better to increase the amount of free space for a wheelchair to drive in.
Low Income Residential Low -Rise Building
Two low-rise residential buildings were evaluated to test the ease at which one can access an entrance to an apartment on the first floor. The first building on Figure 4a had an accessible entrance while the other on Figure 5a had an in-accessible entrance. The building on figure 4a has got an entrance that is not blocked by any vehicles or object. The apartments on the ground floor are easily accessible to any individual on a wheelchair. The path taken to test the ease at which one could enter and leave an apartment on the ground floor is seen on figure 4b and 4c. The low-rise building on Figure 5a has an entrance that is blocked by a car on a parking lot. The alternative entrance is not easily accessible on a wheelchair. This makes it difficult the maneuver easily, more effort is needed to drive on an un-even surface or path leading to the alternative entrance. The path taken to experience the difficult driving is on Figure 5b and 5c. Table 2 is a comparison of the performance measures obtained from the evaluations on both low-rise buildings.
The data obtained during the evaluation of an enabled entrance when compared to un-enabled entrance to a building is shown on Figure 2 .
Accessing enabled entrance of the building on Figure 4a resulted in less distance (D) is travelled, less effort is used (Dc) and a better quality of driving (qd) when compared to the results of the evaluation the accessibility of the entrance of the building shown on Figure 5a shown on Table 2 .
In summary, the results obtained in all evaluated scenarios show that the use of a virtual reality simulator can be used to improve the approval and testing of environments before they are built or modified. It can also facilitate communication that is almost non-existent between the users of these environments and the building designers. Such tools for virtual evaluation can be used in municipal offices. This is where the plans are taken for approval. These tools can also highlight other loopholes that may exist that contribute in approving home building plans that produce non-inclusive environments.
An architect can also use the results obtained to come up with a list of things to be changed and to calculate the cost of each modification in advance. The simulation of these environments on an augmented reality system also provides a first-hand experience needed to check if the house to be built meets the users' needs. It can give architect a platform to understand why it is critical to build inclusive environments to create enabled environments. Such tools can be a catalyst for building and modifying buildings to create enabling environments in South Africa.
CONCLUSION
Currently, living environments built and those yet to be built are not wheelchair friendly. This is because equipping them for wheelchair driving is an option left for designers or property owners to include. Testing the house plan designs on a virtual reality simulation tool augmented to a platform that collects data provides informative facts. These facts are can be used to design more tested inclusive living environments that are wheelchair friendly. The quantified results were presented as performance measures that showed the difficulties that environments users experience in un-enabled environments. They also proved that proper implementation of existing regulations that govern the designing of inclusive environments have a positive impact on the user's interaction with his or her living environment. Such information is beneficial to professionals in the engineering and building sector responsible for designing wheelchair friendly living homes and residential buildings. The measures give a general overview of a user's experience, assisting those that must design inclusive environments to be aware of the challenges that can be experienced a building is not easily accessible to an individual on a wheelchair device. This information is not only valuable to building designers, it is of use to policy makers because they have the power to pioneer the change needed to build inclusive environments. More experiments need to be conducted with wheelchair drivers in the future to get more information on how accurate the tool is in detecting real life mobility issues. In addition, architects must be involved in testing phase to evaluate the simulation tool so they can recommend changes that will make the tool user friendly and efficient.
